

























Current	 technology	 demands	 very	 efficient,	 robust	 and	 versatile	
emitting	 systems	 for	 their	 integration	 as	 active	 layers	 into	
optoelectronic	 devices.	 To	 this	 aim,	 colloidal	 semiconductor	









superior	 potential	 to	 control	 size,	 shape,	 composition	 and	
crystallinity,	as	the	NCs	are	produced	in	high	boiling	point	solvents.	
This	method	enables	the	obtaining	of	highly	efficient	systems	such	as	
core,	 core-shell	 or	 core-shell-shell	 structures	 and	 also	 permits	 the	
choice	of	different	materials	for	the	core	and	the	shell.	By	choosing	
these	materials	the	confinement	regime	can	be	defined	modulating	
the	 electron	 and	 hole	 wave-functions.[4]	 One	 example	 of	 strongly	
confined	 system	 is	 the	CdSe/ZnS	 core-shell	NCs	 in	which	 the	wide	
band	gap	of	ZnS	compare	to	CdSe	leads	in	high	quantum	efficiencies	
and	 photo-stability.	 However,	 the	 use	 of	 non-polar	 solvents	 and	
organic	 surfactants	 regularly	 yields	 hydrophobic	 NCs	 with	 a	 long	
insulating	 capping	 shell	 that	 limits	 their	 use	 in	 optoelectronic	






the	 insulating	 electrical	 barrier	 of	 organic	 ligand	 shells	 favoring	
electrical	 conductivity	 in	 2D	quantum-dot	monolayers.	 Among	 the	
inorganic	 ligands,	 chalcogenides,	 hydrochalcogenides,	 mixed	
chalcogenides,	 halometallate	 ligands	 as	 well	 as	 hydroxy	 or	 amino	
functional	 groups	 have	 been	 used	 to	 replace	 the	 initial	 insulating	
shells.	This	replacement	yields	increased	carrier	mobilities,	for	both	
electrons	 and	 holes,	 and	 yields	 better	 conductivity.[3,	 7-9]	 As	
drawbacks,	 in	 many	 cases,	 the	 use	 of	 efficient	 NCs	 as	 starting	





shells	on	CdSe	NCs,	which	 implies	 the	removal	of	 the	original	 long	
insulating	ligands	to	a	large	extent	simultaneously	to	the	fabrication	
of	 core-shell	 structures	 in	 friendly	 working	 conditions	 (Room	
temperature	 and	 ambient	 atmosphere).	 The	 here	 reported	















hot-injection.	 In	 theses	 W/O	 microemulsions	 the	 small	 drops	 of	
water	act	as	nanoreactors	in	which	the	shells	growth	takes	place.		
The	 use	 of	microemulsions	 for	NCs	 synthesis	 dates	 from	 the	 80’s,	






[13]	 There	 are	 certain	 benefits	
derived	from	the	use	of	microemulsions	as	nanoreactors,	such	as	the	
performance	of	lower	rate	reactions	and	ligand	exchange	procedures	
without	 precipitation	 at	 room	 temperature	 (RT)	 (for	 a	 given	
composition),	 in	 well	 suspended	 NCs	 dispersions.	 Examples	 of	
concomitant	 ligand	 removal	 and	 shell	 formation	 have	 been	
previously	reported	in	the	coverage	of	oleic	acid,	dodecylamine	and	
octadecylamine	 capped-NCs	 with	 SiO2,
[14]	 which	 renders	 the	 final	
encapsulated	nanocomposites	soluble	in	solvents	of	higher	polarity.	
The	 combination	 of	 these	 methodologies,	 namely,	 hot	 injection,	
SILAR,	and	microemulsions	involves	the	removal	of	the	initial	ligand	
shell	to	a	high	extent	and	triggers	the	connection	between	NCs.	 In	




time,	 allows	 the	 synthesis	 of	 type	 I	 or	 quasi-type	 II	 core-shell	
structures.	 These	 new	 NCs	 form	 1D	 networks	 with	 increased	
solubility	in	polar	media	and	improved	optical	properties.	We	believe	
these	 features	 can	 be	 very	 promising	 to	 obtain	 NCs	 for	 further	




Chemicals.	 Cadmium	 oxide	 Puratonic	 (CdO,	 99.998	 %)	 and	
octadecylphosphonic	acid	 (ODPA,	97	%)	were	purchased	 from	Alfa	
Aesar.	 Trioctylphosphine	 (TOP,	 90	 %),	 Igepal	 CO-520	
(poly(5)oxyethylene-4-nonylphenylether),	thioacetamide	(TA,	≥	99.0	
%),	 thiocarbamide	 (TC,	≥	99.0	%),	 zinc	acetate	dihydrated	 (ZnAc,	≥	
98.0	 %),	 octadecene	 (ODE,	 90	 %)	 and	 Cumarine	 6	 (98	 %)	 were	
purchased	from	Sigma	Aldrich.	Trioctylphosphine	oxide	(TOPO,	98	%)	
was	purchased	from	Merck.	Absolute	ethanol	(99.8	%),	cyclohexane	
(99.5	 %),	 formamide	 (≥	 99.5	 %),	 isopropanol	 (≥	 99.8	 %)	 and	





previously	 reported	 hot-injection	 method	 with	 some	
modifications.[15]	 For	 the	 reaction,	 0.06	 g	 of	 CdO,	 3g	of	 TOPO	and	
0.280	g	of	ODPA	were	placed	in	a	tree	neck	round	flask	under	inert	
atmosphere	 and	 the	 temperature	 was	 set	 at	 150	 °C.	 At	 this	
temperature	a	red	solution	was	obtained	and	degassed	for	one	hour	
under	vacuum.	Later,	the	temperature	was	increased	to	340	°C	for	
the	Cd	 (ODPA)	 complex	 formation,	 leading	 to	 a	 colorless	 solution.	
Once	the	complex	is	formed,	the	temperature	was	decreased	to	300	
°C	 and	 1.8	ml	 of	 TOP	 were	 added.	 Further,	 the	 temperature	 was	
increased	to	320	°C	and	0.43	ml	of	a	Se@TOP	solution	(0.058	g	of	Se	
dissolved	 in	 0.360g	 of	 TOP)	was	 injected.	 Afterwards,	 the	 heating	
mantel	 was	 removed	 and	 the	 solution	 was	 left	 to	 recover	 room	
temperature	(RT).	Once	the	NCs	are	formed	the	solution	was	filtered	
through	 a	 0.45	 μm	 PTFE	 filter	 to	 remove	 the	 unreacted	 organic	
products	and	the	sample	was	washed	by	four	cycles	of	centrifugation	
and	 re-dispersion	 using	 hexane	 as	 solvent	 and	 methanol	 as	 non-
solvent.		
Shells	Synthesis	in	Microemulsion.	Once	the	ODPA	capped	NCs	were	
synthesized,	 they	 were	 transferred	 to	 a	 W/O	 microemulsion	
containing	0.62	g	of	Igepal	CO-520	as	surfactant,	100	μl	of	water	and	
12	 ml	 of	 cyclohexane.	 For	 each	 microemulsion	 the	 ratio	
water/igepal/cyclohexane	was	set	to	4.9/0.8/94.3	(v/v).	The	S	and	Zn	
precursors	 were	 added	 also	 as	 microemulsions	 with	 similar	
composition	where	the	salts	were	previously	dissolved	in	the	water	
used	 for	 the	 microemulsion	 preparation.	 For	 the	 preparation	 of	
these	 precursor	 microemulsions	 the	 maximum	 amount	 of	 salts	
soluble	in	100	μl	of	water	were	dissolved	and	the	necessary	quantity	










stirred	 for	 further	48	hours.	Once	 the	NCs	are	produced,	 they	are	
washed	 by	 centrifugation	 and	 re-dispersion	 cycles	 (5	 cycles)	 with	
chloroform	and	ethanol.	Finally,	they	were	dissolved	in	polar	solvents	
(formamide,	 ethanol	 and	 isopropanol).The	 main	 disadvantage	 of	
using	microemulsions	is	the	exhaustive	cleaning,	necessary	to	isolate	
the	NCs	from	the	microemulsion	medium.	This	is	usually	overcome	





carried	 out	 using	 a	 Varian	 Spectrophotometer	 (Cary	 50).	
Photoluminescence	 (PL)	 spectra	 were	 recorded	 in	 a	
spectrofluorometer	 (Horiba	 JobinYvon	 Fluoromax-4)	 using	 an	
excitation	wavelength	 of	 420	 nm	and	 acquiring	 corrected	 spectra.	
The	samples	were	placed	in	a	quartz	cuvette	and	the	concentration	








Time	 Resolved	 Spectroscopy.	 The	 decay	 rates	 were	 acquired	
employing	a	time	correlated	single	photon	counting	card	(PicoQuant,	
TimeHarp	260	PICO	Single)	with	25	ps	base	resolution.	The	samples	
in	 solution	 were	 placed	 in	 a	 quartz	 cuvette	 and	 pumped	 with	 a	













Transmission	 Electron	 Microscopy	 (TEM).	 Low	 Resolution	
Transmission	 Electron	 Microscopy	 (TEM)	 images	 were	 obtained	




INCA	 x-sight	 from	 Oxford	 Instruments.	 Size	 histograms	 were	
obtained	 from	HRTEM	 images.	HRTEM	 images	 at	 low	 acceleration	




and	 using	 the	 High-Angle	 Annular	 Dark-Field	 (HAADF)	 detector	 to	





exciting	 photon	 source	 (hν	 =	 1486.7	 eV),	 a	 hemispherical	 energy	
analyzer	(SPHERA-U7,	analyzer	pass	energy	was	set	to	20	eV	for	the	
XPS	 measurements	 to	 have	 a	 resolution	 of	 0.6	 eV)	 and	 to	
compensate	 the	built	 up	 charge	on	 the	 sample	 surface	during	 the	
measurements	 it	 was	 necessary	 the	 use	 of	 a	 Flood	 Gun	 (FG-500,	
Specs)	with	low	energy	electrons	of	3	eV	and	40	µA.	
Small	 Angle	 X-ray	 Scattering	 (SAXS).	 SAXS	 experiments	 were	
performed	at	INIFTA	(La	Plata,	Argentina)	facilities	using	a	XEUSS	1.0	
equipment	from	XENOCS	with	a	Kα-Copper	radiation	microsource.	A	
PILATUS-100K	 detector	 was	 used	 with	 513	 mm	 sample	 detector	
distance.	One-dimensional	 curves	were	obtained	by	 integration	of	







(Laboratorio	 Nacional	 de	 Luz	 Sincrotron),	 Campinas,	 Brazil.	 X-ray	
Absorption	 Near	 Edge	 Structure	 (XANES)	 spectroscopy	
measurements	at	the	S	K	(2472	eV)	and	Cd	L3	(3538	eV)	edges	were	
carried	 out	 using	 a	 double-crystal	 monochromator	 equipped	 with	
InSb(111)	crystals	giving	an	energy	resolution	of	2	eV	at	the	S	K-edge,	
and	 1	 eV	 at	 the	 Cd	 L3-edge.	 Experiments	 were	 performed	 in	 a	
vacuum	 of	 10−9	mbar	 at	 RT.	 The	 incident	 beam	 intensity	 (I0)	 was	
measured	using	a	 thin	 foil	of	Al	 located	before	the	main	chamber.	
Samples	 were	 dropped	 on	 carbon	 tape	 to	 be	 measured	 in	 Total	
Electron	Yield	(TEY)	and	fluorescence	modes,	collecting	the	emitted	
current	 for	 each	 incident	 photon-energy	 with	 an	 electrometer	
















the	 ATHENA	 software	which	 is	 part	 of	 the	 IFFEFIT	 package.[20]The	
Fourier	 transforms	 were	 calculated	 using	 the	 Hanning	 filtering	
function.	 EXAFS	 modeling	 was	 carried	 out	 using	 the	 ARTEMIS	
program	 (IFFEFIT	 package).	 Structural	 parameters	 (coordination	
numbers,	 bond	 lengths	 and	 their	 Debye–Waller	 factor)	 were	
obtained	 by	 a	 nonlinear	 least-squares	 fit	 of	 the	 theoretical	 EXAFS	
signal	 to	 the	 data	 in	 R	 space	 by	 Fourier	 Transforming	 both	 the	
experimental	 and	 calculated	 data.	 Theoretical	 scattering	 path	












Figure	1	 shows	 the	 followed	procedure	where	ODPA-capped	CdSe	
NCs,	 synthesized	 according	 to	 a	 previously	 reported	 hot-injection	
method	 with	 some	 modifications,[15]	 are	 dispersed	 in	 a	 W/O	
microemulsion	by	addition	of	Igepal,	water	and	cyclohexane	to	the	
CdSe	NCs	dispersion	(from	(a)	to	(b)).	The	shells	formation	by	SILAR	
is	 triggered	by	 the	 controlled	 addition	of	 S	 precursor	 first	 (c)	 and,	
secondly,	 the	Zn	precursor	(d).	The	precursor	solutions	are	equally	
prepared	 in	 W/O	 microemulsions	 (see	 Experimental	 Section	 for	
details).	The	coating	reaction	and	 ligand	removal	will	 take	place	 in	
these	 water	 drops	 while	 after	 washing	 and	 redispersion	 in	 polar	
solvents	 (e)	 the	 particle	 connection	 occurs.	 Further	 details	 about	
experimental	procedure	can	be	found	in	Figure	S1,	SI.  
Fig.	 1.	 Sketch	 of	 the	 methodology	 that	 combines	 SILAR	 with	 water-in-oil	







In	 this	 work,	 two	 different	 sulfur	 precursors	 were	 used,	 namely:	
thioacetamide	 (TA)	and	 thiocarbamide	 (TC)	which,	despite	of	 their	
structural	similarities,	yield	NCs	with	different	optical	properties	and	
thickness	coverages.	For	 the	Zn-containing	microemulsion	medium	
zinc	 acetate	 (ZnAc)	 was	 chosen	 based	 on	 its	 previously	 reported	




NCs.	 After	 the	 treatment	 in	 microemulsion,	 the	 initial	 CdSe	 NCs	
(Figure	2a)	yield	connected	NCs	in	worm-like	1D	structures	(Figures	





oriented	 network.	 We	 ascertained	 that	 these	 1D	 structures	 are	
formed	 during	 washing,	 as	 no	 aggregation	 is	 visible	 by	 SAXS	
experiments	 performed	with	 NCs	 in	microemulsion	 (Figures	 S4-S5	
and	 Tables	 S1-S3,	 SI).	 In	 the	 here	 reported	 case,	 the	 formation	 of	
these	1D	structures	 is	mainly	promoted	by	the	 lack	of	 initial	ODPA	
ligands	which	are	removed	to	a	high	extent	after	TA	or	TC	treatments,	




species)	 decreases	 70	 %	 after	 the	 coverage	 treatments.	 Also,	 the	





from	 the	 UV-Vis	 spectrum[16]and	 data	 extracted	 by	 XANES	
spectroscopy	 and	 EXAFS	 experiments	 at	 Se	 K-edge	 (Figure	 S8	 and	




Figure	 S9,	 SI.	 Indeed,	 the	 formation	of	 a	 thicker	 shell	 for	 TA+ZnAc	
treated	NCs	is	also	evidenced	by	SAXS,	where	the	data	were	fitted	to	
a	 core@shell	model	 of	 homogeneous	 and	 rigid	 spheres	 (Figure	 S4	
and	Tables	S1-S2,	SI).	We	attribute	the	thicker	film	formation	to	the	
higher	decomposition	rate	of	TA	compared	to	TC	for	S2-	production,	
as	 previously	 reported.[26]	 Elemental	 distribution	 profiles	 for	























Fig.	2.	 (a)	TEM	image	of	 initial	CdSe	NCs.	 (b)	and	(c)	correspond	to	a	STEM	and	





















spectra	 were	 acquired	 in	 the	 microemulsion	 medium.	 Insets	 show	 networks	
dispersions	in	isopropanol.	









addition,	 the	 treated	 samples	 show	 improved	 stability	 in	 polar	







in	 ethanol	 (4).	 The	 same	 data	 for	 NCs	 treated	 with	 TC	 (5),	 and	
TC+ZnAc	(6	and	7)	can	be	found	in	Figure	4b	and	Table	1.	The	decay	
rates	 of	 both	 initial	 and	 treated	 NCs	 fit	 quite	 well	 with	 a	 double	
exponential	function	suggesting	that	multiple	processes	are	involved	
in	the	decays.	From	these	fittings	two	different	decay	rates	can	be	
calculated:	 t1,	 corresponding	 to	 a	 very	 fast	 decay	which	 has	 been	
previously	 related	 to	 non-radiative	 processes	 involving	 surface	
defects,	 and	 t2,	 which	 has	 been	 ascribed	 to	 the	 excitonic	
recombination.[31]	While	the	faster	decay	rate	slightly	 increases	for	
both	 treated	 samples	 respect	 to	 the	 initial	 CdSe	 NCs	 in	
microemulsion,	it	slightly	decreases	in	ethanol	pointing	to	a	possible	
passivation	effect	of	the	surfactant	(IGEPAL),	or	TA	or	TC	leading	to	





the	decay	curves	of	 the	treated	samples.	 In	 fact,	 the	slower	decay	
rate,	 t2,	 remains	 practically	 constant	 for	 any	 treatment	 in	
microemulsion	 and	 only	 decreases	 in	 ethanol,	 which	 can	 be	 the	
result	 of	 either,	 the	 already	mentioned	 removal	 of	 the	 ligands	 or	
complexes	 during	 the	 washing	 procedure,	 or	 the	 interparticle	






TC+ZnAc	 (Figure	 5a)	 and	 TA+ZnAc	 (Figure	 5b),	 respectively.	 This	
means	 that	 using	 an	 experimentally	 comfortable	method	 (RT	 and	
ambient	conditions)	we	are	able	to	produce	polar	soluble	NCs	free	of	
insulating	 ligands	 to	 a	 large	 extend	 presenting,	 at	 least,	 4	 times	
higher	QYs	 than	 the	 original	 hydrophobic	 ones.	 The	QY	 values	 for	
TA+ZnAc	treated	CdSe	cores	 in	 isopropanol	are	comparable	to	QYs	
obtained	for	NCs	coated	with	inorganic	ligands.[8]	Interestingly,	while	
the	 QY	 values	 in	 microemulsion	 are	 initially	 larger	 for	 TA	 treated	
samples,	the	opposite	tendency	is	observed	for	TC	treated	ones.	
These	last	samples	show	increased	PL	response	for	longer	reaction	




composition	 synchrotron	 X-ray	 Absorption	 Spectroscopy	 (XAS)	
measurements	were	performed.	XANES	results	can	be	seen	in	Figure	
6	 where	 Figure	 6a	 includes	 the	 S-K	 edge	 measurements	 for	 the	
samples	 treated	 with	 TA+ZnAc	 and	 TC+ZnAc.	 Spectra	 of	 hydrated	
ZnSO4	and	CdSO4	are	also	included	for	comparison.	As	it	can	be	seen	
in	 both	 samples,	 two	 main	 peaks	 at	 2474	 and	 2483	 eV	 can	 be	
observed.	The	former	peak	is	present	as	major	contribution	in	sulfide	
compounds,	and	the	latter	is	present	in	the	sulfate	salts.[19,	33]	Thus,	
according	 to	 the	 S-K	 edge	 spectra	 a	 combination	 of	 sulfides	 and	
sulfates	seems	feasible,	although	out	of	these	spectra,	
Table	 1.	 Life	 time	 values	 and	 fitting	 parameters	 of	 initial	 and	 treated	 NCs	
measured	in	microemulsion	and	ethanol.	
Sample	 τ1	(ns)	 τ2	(ns)	 R	
(1)	Initial	NCs	(microemulsion)	 1.5		 11.3		 0.99718		
(2)	NCs	+	TA	(microemulsion)	 1.9		 9.9		 0.99892		
(3)	NCs+	TA	+	ZnAc	(microemulsion)	 2.2		 11.3		 0.99877		
(4)	NCs	+	TA	+	ZnAc	(EtOH)		 1.0		 4.8		 0.99908		
(5)	NCs	+	TC	(microemulsion)	 1.8		 11.3		 0.99838		
(6)	NCs+	TC	+	ZnAc	(microemulsion)	 2.0		 12.1		 0.99834		







Initial	 NCs	 (black	 (1)),	 TA	 treated	 NCs	 (red	 (2)),	 TA+ZnAc	 treated	 NCs	 (wine	 (3))	 and	









and	 the	 contribution	 of	 Cd	 or	 Zn	 sulfides	 and	 sulfates	 cannot	 be	
distinguishable	 from	 these	 results.	 The	 presence	 of	 sulfides	 and	

















Additionally,	 from	 Zn	 K-XANES	 (Figure	 6c)	 and	 Zn	 K-edge	 EXAFS	
(Figure	6d)	results,	the	chemical	state	of	Zn	in	our	samples	respect	to	
several	 reference	 compounds	 can	be	 compared.	 In	both	 cases	 the	
observations	are	conclusive	in	respect	to	the	presence	of	sulfides	and	
sulfates	species.	According	to	the	energy	edge	position	(see	vertical	


















more	 external	 oxidized	 shell	 of	 Zn-species,	 as	 suggested	 by	 the	
sketches	depicted	in	Figure	7.		
The	 treatments	 yield	 1D	 NCs	 with	 improved	 optical	 properties	
relative	to	the	initial	CdSe	cores.	All	samples	show	improved	stability	
in	formamide,	isopropanol	and	ethanol	respect	to	non-polar	solvents	
such	as	 toluene	or	cyclohexane.	While	 the	solvent	coordination	 to	





Fig.	 6.	 XANES	 characterization	 of	 TA+ZnAc	 and	 TC+ZnAc	 treated	 samples	 along	
with	reference	compounds	at	K	S-edge	(a),	L3	Cd-edge	and	Zn	K-edge	(b),	K	Zn-












Layer	 Adsorption	 Reaction	 (SILAR)	 and	 water-in-oil	 (W/O)	
microemulsions	is	applied	to	control	the	growth	of	inorganic	layers	
on	previously	produced	CdSe	seeds.	The	procedure	involves	almost	 
the	 complete	 elimination	 of	 the	 original	 phosphonate	 ligand	 shell	
simultaneously	 to	 the	synthesis	of	core-shell	 structures,	and	yields	
1D	worm-like	 NCs	 structures.	 The	 obtained	 NCs	 are	 composed	 of	
several	 species,	 including	 sulfides	 and	 more	 oxidized	 ones,	 as	
confirmed	by	X-ray	Absorption	Near	Edge	Structure,	Extended	X-ray	
Absorption	 Fine	 Structure	 and	 X-ray	 Photoelectron	 Spectroscopy.	




This	 networks	 showing	 higher	 solubility	 in	 polar	 media	 can	 be	
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